Microbiological concerns in food plant sanitation that relies heavily on physical and chemical methods for removing and killing bacteria could be reduced by the use of non-chemical intervention methods. This initial work on the effects of electrostatic space charge on biofilms shows promise as a viable intervention option for reducing bacterial contamination on surfaces. Natural bacterial populations from a poultry processing facility were collected, allowed to multiply and form biofilms, and assessed for susceptibility to negative air ionization. A small chamber with an electrostatic space charge system was used to treat the mixed bacterial populations that were grown on stainless steel coupons (1 × 4 cm). The object of the system was to transfer a strong negative electrostatic charge to bacteria that were attached to coupons at the base of the chamber. The system effectively decreased the survival levels of bacteria on the stainless steel, with a reduction efficiency of 99.8%. All of the swab samples taken from coupons were culture positive for bacteria, and the bacterial counts from the ionized surfaces were significantly less than for the non-ionized surfaces (P < 0.01). These results demonstrate the potential efficacy of negative air ionization against bacterial contamination on surfaces in the poultry processing environment.
DESCRIPTION OF PROBLEM
Bacterial contamination and biofilm formation on food contact surfaces in poultry processing facilities can lead to contamination of raw poultry products and potentially to foodborne illness for consumers. The primary approaches used to reduce the presence of bacte- 1 To whom correspondence should be addressed: jarnold@saa.ars.usda.gov. rial pathogens and biofilms have included physical treatments, such as steam, water pressure, and heat treatments, as well as chemical treatments, such as chlorine, trisodium phosphate, and quaternary ammonium compounds [1] . Negative air ionization has been shown to be a promising new technology that is a safe, nontoxic, and non-chemical means of eliminating dust and pathogens from the air. The electrostatic space charge system (ESCS) approach has been shown to reduce airborne levels of Salmonella enteritidis (SE) by 95% in caged layer rooms [2] and to reduce airborne transmission by 98% in controlled-environment cabinets [3] . The mechanism, by which these reductions were achieved, was attributed primarily to the reduction in airborne dust levels [4, 5] . Most airborne bacteria are attached to dust particles [6] . The process by which the ESCS in poultry areas can remove air-polluting microorganisms involves charging airborne particles in the space and collecting them on special grounded collector plates or on the walls [7] . Ionization studies with SE suggest that a significant step toward producing SE-free eggs can be achieved by improving air quality in production houses where the eggs are produced [2] . This concept has been shown to work in filtered-air positive-pressure (FAPP) houses used to produce disease-free poultry [8, 9] .
Air ionization can kill airborne and surface microorganisms. The potential effect of ions to destroy microorganisms has been suggested in numerous studies [10, 11, 12, 13] . Seo et al. [14] used an identical type of ESCS and test chamber as the one used in the present study to demonstrate that negative air ions could reduce aerosolized SE by 99% or more at close range. The minimum ion density dose and time exposure combinations required to kill organisms and the exact mechanisms that cause air ions to be bactericidal, however, have not been well established.
Hoenig et al. [15] stated that a corona discharge produces electrons, negative molecular ions, ozone, and ultraviolet light. Kellogg et al. [16] cautiously identified the hydrated superoxide radical anion (O 2 − )(H 2 O) n as the negative air ions responsible for killing microorganisms. In another study [17] , however, the result was not consistent. In spite of promising results reported, poor design of ion generators has resulted in low ion outputs or undesirable side products such as ozone. Studies on air ionization have been drawing a great deal of attention because of a variety of biological aspects ranging from lethal effects on microorganisms to therapeutic effects [18] . Ionization has enhanced treatment of seasonal affective disorder [19] , chemotherapy [20] , and respiratory nebulizers [21] . Following several years of development with a commercial company, a custom ESCS was developed by Mitchell and Stone [22] , primarily for use in poultry areas to improve air quality by reducing airborne dust and microorganisms. This device generates very high ion density levels in large spaces and does not require air to move through it in order to be charged. Ozone production could not be detected at 0.01 ppm.
For this study a smaller, bench-top version of the ESCS has been developed. The primary objective was to kill bacteria in biofilms on stainless steel surfaces that could result in food spoilage or pose a threat to food safety.
MATERIALS AND METHODS

Apparatus Setup
A miniature ESCS was custom-built for this application (Figure 1 ). The ionizer consisted of an array of four ionizer bars 13 cm long, with seven pointed electrodes each, and a ground plane 7.6 cm above the electrode points. The bars were suspended 27.6 cm above the samples inside a closed chamber, 40.5 cm × 20.0 cm × 29.5 cm. The samples were placed on a grounded metal plate on the floor of the chamber. Ion densities at this distance were greater than 1 × 10 6 /cm 3 (maximum measurable density by our instrumentation). Ionizer voltage was maintained at −25 kV by a Simco power supply during sample incubation. Air flow through the chamber was generated by an air pump [23] at 2 L/min, and humidity was maintained inside the chamber by passing the air from the pump through Tygon tubing (0.5-mm i.d.) to water inside a 2-L Erlenmeyer flask and then through tubing in the top of the flask to an opening in the chamber 14 cm above the samples.
Experimental Design
Biofilms were developed on stainless steel coupons by using a bacterial cocktail obtained from broiler carcass rinses. The steel used for the coupons in this study was 11-gauge (3.04 mm) stainless steel plate [24] with a 2B mill finish. Coupons (4 × 1 cm) were cut from the plate and divided into three groups for treatment by air ionization: a) treated coupons with bacteria, b) untreated coupons with bacteria, and c) negative controls (untreated coupons without bacteria). To collect bacteria for growing biofilms, whole broiler carcasses were collected from a commercial poultry processing plant, bagged, weighed, and rinsed in 100 mL phosphate-buffered saline. The rinses were pooled, and 1-mL aliquots were serially diluted to measure bacterial colony-forming units (cfu) per milliliter. The rinse was frozen, and aliquots (200 µL) of the rinse were resuscitated by inoculation into 9 mL trypticase soy broth (TSB), followed by incubation for 18 h at 37°C. To establish the bacterial biofilms, 1 mL of the culture was transferred to fresh 9-mL TSB tubes, a stainless steel coupon was added to each, and the tubes were incubated 5 h at 37°C. Before being added to test tubes containing the carcass rinse, the surfaces were washed briefly in 1% Micro cleaning solution, rinsed in distilled water, sonicated for 30 min, and air-dried. For negative controls, surfaces were added to tubes containing only TSB. Coupons with attached bacteria were removed from the tubes and incubated at room temperature for 2 or 3 h, in the presence or absence of ionization. Afterwards, 100 µL of sterile water was added to the coupon surface, the surface was swabbed, and the swab was streaked on aerobic plate count agar.
Identification of Resistant Bacteria
Identification of bacterial isolates was determined with an automated BIOLOG/Micronaut System [25] . The isolates were inoculated onto microplate panels containing 95 biochemical tests for identification [26] . After incubation of the microplates for specified time periods, plates were read at 590 nm on a plate reader [27] . Changes in optical density indicative of substrate utilization were determined by the BIOLOG software using default parameters, and the isolates were classified by Numerical Taxonomic Cluster Analysis.
Statistics
Results were compared for the bacterial cfu during two separate experiments including three trials each. The data for each trial were the means from triplicate tests. Significant differences between bacterial counts for ionized and non-ionized samples were determined by the Student's two-tailed t-test at P < 0.05 [28] .
RESULTS AND DISCUSSION
Natural bacterial populations from poultry carcasses were collected, grown as biofilms on stainless steel coupons, and assessed for susceptibility to negative air ionization. In previous work, we developed methods to measure The data for each trial were the means for triplicate tests. 
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The treated samples were near or below the level of negative controls without bacterial inoculum outside the chamber, which were 67% culture positive and averaged log 3.6.
bacterial attachment and demonstrate biofilm development from a mixed population of bacteria [29] . Stainless steel, although susceptible to bacterial attachment, is the most frequently used material for construction of equipment and other surfaces used in the food processing industry. The object of the electrostatic space charge system is to reduce developing or preexisting biofilms by transferring a strong negative electrostatic charge to bacterial cells within biofilms grown on stainless steel surfaces. The ESCS dramatically reduced levels of bacteria in every trial. Table 1 shows the results when the coupons were exposed to the ionization for 3 h. All of the swab samples taken from coupons were culture positive for bacteria, and the bacterial counts from the ionized surfaces were significantly less than for the non-ionized surfaces (P < 0.01). An average of 2.3 million cfu was collected from each coupon not exposed to the ionizer as compared to an average of 5,600 cfu on each of the ionizer-exposed coupons, a reduction efficiency of 99.8%. Similar levels were observed during each of the three trials. Figure 2 compares the log cfu of bacteria remaining on surfaces after treatment by negative air ionization for 3 h. The net reduction was greater than 3 log units. These results with biofilms are comparable to the reductions obtained by Seo et al. [14] with aerosolized SE. Holt et al. [2] exposed XLT-4 plates to air in a caged layer room with and without negative air ionization treatment to show reduction efficiency for airborne levels of Salmonella enterica serovar enteritidis. When exposed to negative air ionization, levels on the plates were reduced by 95%. It should be noted that our plated samples were dilutions of swab samples of mixed bacterial populations from stainless steel surfaces, not collections of airborne salmonellae, and cannot be directly compared with the results of the study by Holt et al. [2] . A study at Massachusetts Institute of Technology killed up to 94% of Staphylococcus aureus cells sprayed on treated surfaces that had been coated with various alkyl bromides [30] . Microbial air levels in a dental clinic were significantly reduced (by 40 to 50%) with an ionizing generator [10] . Table 2 shows similar results were obtained when inoculated coupons were exposed to the ionizer for 2 h. Under the same conditions as the above experiment, there was no significant difference in the bacterial cfu for either of the ionized samples after 2 h when compared with colony-forming units after ionization for 3 h (P > 0.05). The average reduction efficiency of 97.3% for 2 h of exposure was slightly less than the 99.8% reduction for 3 h of ionization exposure. In each experiment, ionization reduced cfu levels to near or less than that of negative controls or the natural contamination of the air. Negative controls without bacterial inoculum outside the chamber were 67% culture positive, and the average cfu was 4,100. The average cfu after 3 h of ionization was 5,610 (Table 1) and after 2 h was 2.12 × 10 4 (Table 2) .
Exposure times were limited to 3 h to avoid dehydration of the sample inoculum on the coupons. The average temperature adjacent to the chamber was 21°C during the experiments, and the average relative humidity inside the chamber was 85%. Although the humidity differed slightly between the experiments (Tables 1 and  2 ), the humidity inside the chamber was controlled, and there was not a significant difference between bacterial counts of control samples (P > 0.05).
The morphological characteristics of the individual colonies on the plates not exposed to the ionizer presented many variations in size, The data for each trial were the means for triplicate tests. 
configuration, margin, and elevation, typical for a mixed population of many species of bacteria ( Figure 3 ). However, all the colonies on the plates exposed to the ionizer (less than 10 per plate for the samples ionized for 3 h) were round, with smooth margins, and convex elevations, and were less than 1 mm in diameter. The common size and shape of the few remaining colonies indicated that these bacteria were more resistant to ionization than the general popula- tion of bacteria. Culturing these colonies yielded two species of bacteria that showed resistance to killing by negative air ionization. They were identified by the BIOLOG bacterial identification system [31] as Enterococcus faecalis and Brochothrix thermosphacta. Both are Gram-positive organisms, facultative anaerobes, and type species for their genus. E. faecalis occurs widely in the environment, particularly in feces of vertebrates. B. thermosphacta occurs mainly in meat products but is also widely distributed in the environment. Neither species is generally considered pathogenic [32] .
Further study of these resistant bacteria may help determine the mode of action of the ESCS and help improve its efficiency in the processing environment. The mechanisms by which negative air ionization causes death of bacteria are not yet known. Changes in ionization can bring changes in catalysis, desorption, and even enzymatic changes in chemical structure, affecting the surface and the bacterial cells [33, 34] .
The proposed approach to reduction of bacterial contamination uses an ESCS, which has been shown, on a larger scale, to reduce airborne particulates and bacteria by charging the particles and collecting them on special grounded collectors or on walls and floors. A little-known effect of a strong electrostatic space charge is the ability to very effectively kill airborne and surface bacteria. These prelim-inary laboratory tests suggest that the effects are substantial and reproducible. Our results indicate that negative air ionization could potentially have an impact on the microbial load in a poultry processing facility, and at least a portion of this effect would be through direct killing of the organisms. The economic feasibility of using this technology in a poultry processing facility remains to be determined, but, if shown to be effective on a large scale, the basic equipment cost would probably be comparable to existing disinfection equipment and chemicals.
